ABSTRACT Nadezhdiella cantori (Hope) is an important longhorn pest of citrus trees in Asia. The sex ratio was male-biased (Ϸ1 female:1.5 males) on the mating and oviposition site. Males were signiÞcantly smaller than females but had signiÞcantly longer antennae and greater slope for the linear antennalÐ body relationship than females, suggesting that males are subject to higher sexual selection pressures than females, and their antennal length is the highly selected phenotypic character. Males aggressively competed for mates and guarded females through prolonged pair-bonding. During pair-bonding, males performed a full-mounting when mating and a half-mounting when resting or during female oviposition. Larger males with longer antennae had an advantage over smaller ones with shorter antennae in both Þghting and mating success, but the slopes for linear antennalÐ body relationships remained similar for all males. It is suggested that the male antennal and body lengths may have evolved symmetrically for both mating and Þghting advantages. Larger females did not have greater probability of being mated, but females with greater slope for the antennalÐ body length relationship were more likely to be chosen by males for mating. The allometry in the female antennal length may be a phenotypic indicator of female reproductive Þtness, with greater slope for antennalÐ body length relationship representing higher quality. After the initial Þght, the male loser seemed to be able to remember the winner and retreated immediately without the occurrence of another Þght after encountering (contacting) the previous victor. Such memory lasted for at least one night.
, there have been many discussions on the evolution of insect mate-guarding systems. Alcock (1994) thoroughly described the diversity of postinsemination associations between sexes and made several hypotheses for possible costs and beneÞts of mate-guarding. Male aggression and mateguarding behavior of cerambycid beetles was investigated by various authors (Hughes 1979 , 1981 , Hanks et al. 1996a , b, Wang et al. 1996a , Hanks 1999 . Those studies indicated that behavioral sequences and mateguarding strategies vary greatly between species, but body size often plays a role in the outcome of both aggression and mating success. Such size-dependent effect may occur in both sexes (McLain and Boromisa 1987) or one sex (Hanks et al. 1996a ). However, in some longhorn species, the size-dependent Þghting advantage does not translate into a mating success (Goldsmith et al. 1996 , Wang 2002 . The mating system of Nadezhdiella cantori (Hope), a gray-black citrus longhorn beetle that feeds on citrus, is based on trunks and main branches of citrus trees, where both mating and oviposition occur . Wang et al. (2002) reviewed its general biology and distribution and reported its reproductive circadian rhythms and the evidence for sex speciÞc pheromones. However, there has been no report on sexual selection and male aggression behavior in relation to body size for N. cantori, knowledge of which is useful for the understanding of evolutionary and physiological processes in cerambycids.
The objectives of this study were to (1) examine sex ratio, sexual dimorphism, and male mate-guarding behavior and (2) determine whether body size and antennalÐ body length relationships affected mating success of both sexes in a similar way and played a role in male aggression of N. cantori.
Materials and Methods
This study was carried out in May and June with ambient temperatures of 25Ð30ЊC in a 20-to 25-yr-old experimental orchard of Citrus sinensis L. Osbesk located on a hill facing northwest in Beibei (29Њ40Ј N, 105Њ17Ј E), Chongqing, China. The orchard was poorly maintained, and most citrus trees were infested by N. cantori.
Field Observations. Field observations were made on trunks of 10 heavily infested citrus trees in the orchard between 1800 and 0000 hours, when most mating occurred , for 21 d. A ßash-light (3 V) with a red light was used for observation after dark. For 1 d, we observed beetles on each tree for 20 min before moving to another. We recorded behavioral status of beetles including pair-bonding, solitary, mating, or Þghting, and collected all beetles seen on the tree and placed them individually in glass petri dishes (15 by 2.2 cm).
We measured the body and antennal length of each beetle with calipers to determine whether these parameters inßuenced pair bonding and aggressive interactions. A total of 216 beetles (129 males and 87 females) was observed and collected on 10 trees over 21 d.
Laboratory Observations. After Þeld observations, we found no femaleÐfemale interactions or female competition for mates. Therefore, in the laboratory, we concentrated on the effect of malesÕ body size on aggression and mating success.
We obtained N. cantori adults by Þeld collecting from previous emergence holes and tunnels of N. cantori in the tree trunks every other day in May and June. Insects were sexed and placed in single sex cultures. Two wooden cages (32 by 30 by 30 cm) with Þne nylon mesh on the top were used to maintain each sex. A petri dish (5.5 by 1.5 cm) with cotton wool saturated with a 10% sucrose solution was placed in each cage. Insects of each sex were caged for at least 1 d before use for experiments. The experiments were carried out in an insectary built inside the orchard, which was made of wooden framing and nylon mesh with a glass roof. Observations were made in a wooden container (120 by 80 by 24 cm) with a glass top. We placed in the container a petri dish (5.5 by 1.5 cm) with cotton wool saturated with a 10% sucrose solution and a fresh cutting of citrus branch (Ϸ80 cm long, 9 cm in diameter) with several smaller branches and leaves attached and old emergence holes made by previous damage by N. cantori.
As a replicate, we released two females and Þve males of different body size (body and antennal length measured before release) into the container and continuously observed their sexual activity for 24 h. Five replicates were performed, and new insects were used for each replicate. For each replicate, we randomly selected one female and four males and individually marked their left elytra (a dot of Ϸ2 mm in diameter) with paints of different color and left the remaining one female and one male unmarked. During observation, we recorded the number of matings each pairbonded pair achieved within 24 h, interactions between males and between males and females, and copulation time.
Statistic Analysis. We used a t-test to analyze body measurement data. To determine whether and to what extent the linear antennalÐ body relationships varied between sexes and in mating and Þghting success, we employed an analysis of covariance (ANCOVA) to test the difference in slopes of such relationships. The rationales for ANCOVA were to Þnd which sex was under higher sexual selection pressure and whether antennalÐ body relationships evolved symmetrically or allometrically in relation to mating and Þghting success. Means were represented with SD. The rejection level was set at P Ͼ 0.05. All statistic analyses were carried out using SAS 6.12 for Windows (SAS Institute 1996) .
Results and Discussion
Sex Ratio and Sexual Dimorphism. The operational sex ratio of the N. cantori population was male-biased (87 females:129 males ϭ 1 female:1.48 males) based on our censuses of mating and oviposition sitesÑ10 citrus tree trunks over 21 d. A male-biased sex ratio was reported for several cerambycids whose mating system was either based on their larval hosts, such as Monochamus scutellatus (Say) (Hughes and Hughes 1982) and Phoracantha semipunctata (F.) (Hanks et al. 1996b) , or on plants different from their larval hosts such as Dendrobias mandibularis Serville (Goldsmith 1987) and Zorion guttigerum Westwood (Wang 2002) . In both cases, the male-biased population resulted in aggressive male competition for mates and mateguarding.
Unlike many diurnal cerambycids where color is important in sexual selection (Townsend 1884 , Wang 2002 , no apparent color difference within or between sexes of N. cantori was observed. The nocturnal activity patterns and sex speciÞc pheromones in N. cantori may explain the lack of visual sexual signals and color variations in this species.
Like most other cerambycid species (Linsley 1961) , N. cantori males (36.62 Ϯ 8.31 mm) were signiÞcantly smaller than females (42.5 Ϯ 6.98 mm; t ϭ 3.82, df ϭ 103, P Ͻ 0.001), and male antennae (68.11 Ϯ 16.31 mm) were signiÞcantly longer than female antennae (59.14 Ϯ 10.60 mm; t ϭ 3.19, df ϭ 103, P Ͻ 0.01). Furthermore, the linear relationships between antennal and body length also differed between sexes (Fig.  1) , with the slope for males being Ϸ38% greater than that for females (ANCOVA, F ϭ 88.2; df ϭ 1,101; P Ͻ 0.0001). It is indicated that the antennal length of males increased more with an increase in body size than that of females. Because the antennae of many longhorn beetles play a major role in male mate location and maleÐmale competition for mates (Linsley 1961 , Hanks et al. 1996a , b, Wang et al. 2002 , the selective evolution of longer antennae in N. cantori males may enhance their reproductive Þtness through higher mate location efÞciency and mating success. The allometry in antennal/body length relationship between sexes of P. semipunctata enables larger males to search for mates at a disproportionately greater rate (Hanks et al. 1996a ). The allometry in N. cantori may be a function of additional selective advantage for both male mate location and maleÐmale competition for mates. It is thus suggested that N. cantori males are subject to higher sexual selection pressure than females, and their antennal length is a highly selected phenotypic character in both mating and Þghting success.
Male Mate-Guarding and Mating Frequencies. The laboratory observations indicate that male N. cantori showed strong contact mate-guarding behavior. The male mounted the female and initiated a prolonged pair-bonding with her after contacting her (n ϭ 23). During pair-bonding, males maintained a full-mounting position when mating and a half-mounting position when both were resting or the female was ovipositing. When full-mounting occurred, both the maleÕs front and median legs touched the female, and their bodies were parallel, with the maleÕs antennae expanding laterally. When half-mounting took place, only the maleÕs front legs touched the female, with their body axes forming a 30Њ angle and the maleÕs antennae expanding forward. The mate-guarding behavior in N. cantori is very similar to that in P. semipunctata (Hanks et al. 1996b) . Each N. cantori pair mated 45.6 Ϯ 10.35 times/d (n ϭ 10 pairs). Mating lasted 41.98 Ϯ 8.95 s (n ϭ 43).
Male mate-guarding usually occurs in species in which females require many repeated matings to maximize their potential fecundity (Akutsu and Kuboki 1983 , Khan 1996 , Hanks 1999 . In species with mateguarding behavior, mating is usually brief, from Ͻ1 min, such as P. semipunctata (Hanks et al. 1996b) and N. cantori, to a few minutes, such as Anoplophora chinensis (Forster) (Wang et al. 1996a ) and Z. guttigerum (Q. W., unpublished data). For the Þrst three species, mating and oviposition took place during pairbonding, whereas for the latter species, only a series of mating occurred during pair-bonding. Postcopulatory mate-guarding behavior is absent in species with prolonged mating, such as Tetraopes tetrophthalmus (Forster) (up to 3 h) (McCauley and Lawson 1986) , Paraglenea fortunei Saunders (up to 3.5 h) (Wang et al. 1990) , and Phytoecia rufiventris Gautier (up to 1.2 h) (Wang et al. 1996b) .
Effect of Body Size and Antennal-Body Length Relationships on Mating Success of Both Sexes and
Male Aggression. Field data show that maleÐmale competition for mates was very strong in the N. cantori mating system. Larger males with longer antennae had a signiÞcant advantage over smaller ones with shorter antennae in both winning Þghts (for body length, t ϭ 8.41, df ϭ 42, P Ͻ 0.00001; for antennae, t ϭ 6.795, df ϭ 42, P Ͻ 0.00001) and forming pair-bondings (for body length, t ϭ 7.15, df ϭ 50, P Ͻ 0.00001; for antennae, t ϭ 6.33, df ϭ 50, P Ͻ 0.00001). The large-winner phenomena for both Þghting and mating have been reported for longhorn species such as nocturnal M. scutellatus (Hughes and Hughes 1985) and P. semipunctata (Hanks et al. 1996a ). However, in some other cerambycids such as diurnal Plectrodera scalator (F.) (Goldsmith et al. 1996) and Z. guttigerum (Wang 2002) , the size-dependent Þghting advantage did not result in increased mating success. It is thus suggested that the body size may be selected for male mating and/or Þghting advantages depending on mating systems of different species.
In the Þeld, the linear relationships between antennal length and body length in N. cantori did not differ between Þght winner and loser males ( Fig. 2 ; ANCOVA, F ϭ 0.02; df ϭ 1,40; P Ͼ 0.05) and between pair-bonded and solitary males ( Fig. 3 ; ANCOVA, F ϭ 0.04; df ϭ 1,48; P Ͼ 0.05). It is suggested that in N. cantori males, the antennal and body lengths evolve symmetrically for both mating and Þghting advantages and that antennae and body lengths are selected the same way in male mating success and maleÐmale aggression. Furthermore, body length of this species is autocorrelated with body mass, which is also positively correlated with Þghting success (unpublished data). However, the diurnal species Z. guttigerum, whose mating and oviposition sites differ, has an allometric antennalÐ body relationship with the slope for Þght winners being signiÞcantly greater than that for losers; such slopes were similar for male mating success (Wang 2002) . For this species, antennal length is the selected character for physical Þghting, whereas body color is the selected character for male mating success (Wang 2002) . In the laboratory, after a Þght between two N. cantori males, the loser retreated immediately, without the occurrence of another Þght if he encountered (contacted) the winner again (n ϭ 34). This suggests that the beetle is able to remember rivals. Such memory lasted throughout the same night. Because we did not observe any replicate for more than 1 d, we did not know if the memory lasted beyond 1 d. In P. semipunctata, Ͼ60% of losers returned to Þght with winners again (Hanks et al. 1996b) , suggesting that males of this species have limited memories or that they are more aggressive and repeatedly challenge the same rivals.
In many cerambycid species, males prefer larger females for mating (Lawrence 1986 , Wang 2002 ). However, larger N. cantori females with longer antennae did not have greater probability of being mated (for body length, t ϭ 1.43, df ϭ 40, P ϭ 0.16; for antennal length, t ϭ 1.86, df ϭ 40, P ϭ 0.071). Similar results were reported for Stenaspis verticalis arizonicus Casey (Goldsmith 1989) , P. semipunctata (Hanks et al. 1996a) , and Pl. scalator (Goldsmith et al. 1996) .
ANCOVA shows that regression lines for bodyÐ antennal relationships differed between pair-bonded and solitary females of N. cantori, with the slope for pair-bonded females being Ϸ53% greater than solitary females ( Fig. 4 ; F ϭ 5.38; df ϭ 1,38; P Ͻ 0.05). Wang (2002) also demonstrated similar results for Z. guttigerum. It is suggested that, although female body size and antennal length do not play a role in female mating success in N. cantori, females with greater slope for antennalÐ body length relationship are more likely to be chosen by males for mating. The allometry in the female antennal length may be an indicator of female reproductive Þtness, with greater slope for antennalÐ body length relationship representing higher quality. However, this was not tested in our experiments and is worth further research. 
